ABSTRACT Borrelia burgdorferi, the spirochete that causes Lyme disease, is a tick-transmitted pathogen that requires motility to invade and colonize mammalian and tick hosts. These bacteria use a unique undulating flat-wave shape to penetrate and propel themselves through host tissues. Previous mathematical modeling has suggested that the morphology and motility of these spirochetes depends crucially on the flagellar/cell wall stiffness ratio. Here, we test this prediction using the antibiotic vancomycin to weaken the cell wall. We found that low to moderate doses of vancomycin (%2.0 mg/mL for 24 h) produced small alterations in cell shape and that as the dose was increased, cell speed decreased. Vancomycin concentrations >1.0 mg/mL also inhibited cell growth and led to bleb formation on a fraction of the cells. To quantitatively assess how vancomycin affects cell stiffness, we used optical traps to bend unflagellated mutants of B. burgdorferi. We found that in the presence of vancomycin, cell wall stiffness gradually decreased over time, with a 40% reduction in the bending stiffness after 36 h. Under the same conditions, the swimming speed of wild-type B. burgdorferi slowed by~15%, with only marginal changes to cell morphology. Interestingly, our biophysical model for the swimming dynamics of B. burgdorferi suggested that cell speed should increase with decreasing cell stiffness. We show that this discrepancy can be resolved if the periplasmic volume decreases as the cell wall becomes softer. These results provide a testable hypothesis for how alterations of cell wall stiffness affect periplasmic volume regulation. Furthermore, since motility is crucial to the virulence of B. burgdorferi, the results suggest that sublethal doses of antibiotics could negatively impact spirochete survival by impeding their swim speed, thereby enabling their capture and elimination by phagocytes.
INTRODUCTION
Lyme disease is the most prevalent vector-borne disease in the United States, with around 300,000 cases per year (1, 2) . The disease is caused by infection with the bacterium Borrelia burgdorferi, a pathogenic spirochete remarkably adapted to disseminate throughout mammalian hosts (3) . Mammals acquire the pathogen when bitten by infected Ixodes spp ticks. During tick feeding, the spirochetes migrate from the tick midgut to the tick salivary glands, where saliva deposits B. burgdorferi into the dermis of the mammal (4) . In the dermis, B. burgdorferi replicates and disseminates through the skin. The presence of the bacteria in the dermis produces an immune response that results in skin infiltration of immune cells, leading to erythema migrans, the hallmark skin lesion that is commonly associated with early stages of the disease (5) . The bacteria can eventually colonize many organs within the mammal, most notably involving distant skin sites, the heart, the central nervous system, and the joints (5) .
The motility of B. burgdorferi is essential for the pathogenesis of Lyme disease (6) (7) (8) . B. burgdorferi is able to migrate through a diverse range of environments, such as viscous or viscoelastic fluids (e.g., blood or methylcellulose solutions), the gel-like dermis, or tight junctions between the cells in epithelial or endothelial layers by undulating its entire body as a planar traveling wave. The wave shape of the body is created by wrapping helical flagellar filaments around the cylindrically shaped cell body (Fig. 1, A and B) . In B. burgdorferi, 7-11 flagella are anchored into flagellar motors located near both ends of the cell. The flagella reside within the periplasm, the space between the bacterial cell wall and the outer membrane. Confined in this narrow space, the flagella from one end of the cell wrap around the cell body toward the other end of the cell (9) . Rotation of the flagella within the periplasm causes the waveform to propagate, leading to a traveling wave undulation of the entire body (10) . Mathematical modeling has shown that the elastic interaction between the flagella and the cell body is sufficient to generate the planar waveform of the bacteria (11) and that rotation of the flagella will lead to traveling wave deformations, similar to what is observed experimentally (12, 13) . This mathematical modeling suggests that a key factor in determining the shape and motility of B. burgdorferi is the ratio of the flagellar stiffness to that of the cell body. If the cell body is too stiff, then the flagella will not be able to bend the cell into a wave, whereas if the flagella are too stiff, then the cell becomes helical or irregularly shaped. It is likely that the specific shape of B. burgdorferi is important in its ability to infect mammals. Consequently, altering the shape and/or stiffness of the bacterium could affect pathogenesis.
The recommended treatment for early-stage Lyme disease is a two-to three-week regimen of oral antibiotics such as doxycyline, amoxicillin, or cefuroxime axetil (14) . Although doxycycline acts through inhibition of protein synthesis (15, 16) , amoxicillin and cefuroxime axetil both interfere with cell wall synthesis (17, 18) . The cell wall in bacteria is a prime target for antibiotics, since it is the main structural component of the cell and is composed of peptidoglycan, a network of glycan strands connected by peptide cross-links whose molecular constitutents are not found in eukaryotes (Fig. 1 C) (19) . Disruption of either the cell wall itself or of the proteins that are involved in synthesizing it eventually leads to cell lysis. For example, the broad class of antibiotics known as b-lactams function by mimicking the terminal D-alanyl-Dalanine moieties of the NAM/NAG peptides, allowing them to bind to and inhibit the penicillin-binding proteins (PBPs), which are involved in a large number of peptidoglycan synthetic reactions, including catalyzation of carboxypeptidase, transpeptidase, and endopeptidase reactions and transglycosylation of the N-termini of the glycan strands (20) . Many of the b-lactams have demonstrated in vitro activity against B. burgdorferi, and antibiotics like penicillin, doxycycline, and ceftriaxone, are known to cause blebbing, granule formation, and a loss of motility in B. burgdorferi, as verified by dark-field and electron microscopy (16) .
Here, we investigate how the antibiotic vancomycin affects cell stiffness in B. burgdorferi to probe the influence of cell wall elasticity on shape and motility. We selected vancomycin over clinically relevant antibiotics like amoxicillin because it specifically blocks peptide cross-linking in the bacterial peptidoglycan by recognizing terminal peptide sequences and blocking their binding site to enzymatic cross-linkers ( Fig. 1 C) , whereas amoxicillin binds the pencillin-binding proteins PBP1a and PBP2, which are involved in cross-linking and glycan strand elongation (21) . In addition, vancomycin has previously been shown to be active against B. burgdorferi in vitro (22, 23) . Consistent with this, we show that varying the concentration of vancomycin causes dose-dependent alterations in both the shape and speed of B. burgdorferi and that concentrations above 1 mg/mL inhibit growth and lead to cell blebbing. We then used optical traps to bend unflagellated B. burgdorferi cells and show that vancomycin produces a weakening of the cell wall that depends on the incubation time. This cell wall weakening leads to minor changes in morphology but a moderate decrease in cell speed. By comparing these results to our previously developed mechanical model for B. burgdorferi, we predict that the rotational drag on the flagella will increase as the cell wall becomes stiffer. FIGURE 1 (A) B. burgdorferi has a planar, sinusoidal shape characterized by its wavelength, l, and amplitude, h. The bacterium creates this shape by wrapping its flagella (purple) inside the periplasm, the space between the cell wall (gold) and the outer membrane (gray). (B) A cross section through the cell (corresponding to the black dotted box in (A)) shows the location of the flagella with respect to the other cellular components. (C) The cell wall in bacteria is made up of glycan strands composed of disaccharide units of GlcNAc-MurNAc (brown mesh, with disaccharide subunits tan and brown, respectively). Peptide chains extend off the MurNAc subunit and can cross-link to neighboring glycan strands. Vancomycin (green) binds to the peptides and can prevent cross-linking, which should weaken the cell wall. To see this figure in color, go online.
MATERIALS AND METHODS

Borrelia culture and vancomycin incubation
All B. burgdorferi motility experiments were done using the virulent, greenfluorescent-protein-expressing strain Bb914 (parental strain 297) unless otherwise stated (24) . Optical trapping experiments were performed using the B31-derived flaB null mutant strain MC-1 (10) (a kind gift from Nyles Charon). Spirochetes were temperature shifted to 37 C in BSK-II medium supplemented with 6% normal rabbit serum (Pel-Freeze Biologicals, Rogers, AK) and harvested in mid-log phase for imaging. Vancomycin was added at a final concentration of 0.5-2.0 mg/mL into exponentially growing Borrelia spirochetes and incubated for up to 48 h.
To determine the effect of vancomycin on the growth rate of the cells, we used microscope images to do a visual comparison of the number of cells per field of view between an untreated control sample and cells incubated in vancomycin.
Slide preparation
Chamber slides were made by spreading a thin layer of vacuum grease in the shape of a square the size of a 22 Â 22 mm coverslip on microscope slides (Fisher Scientific, Waltham, MA). At each incubation time point (0, 12, 24, and 36 h), 100 mL of B. burgdorferi in BSKII were added to the chamber slide, and sealed with a coverslip to reduce environmental fluctuations in the sample. Care was taken to avoid air bubbles between the media and the coverslip.
Imaging
Time-lapse videos of B. burgdorferi were acquired at 50 fps using a 40Â, 1.2 NA water immersion objective with a CMOS camera (Orca Flash V4.0, Hamamatsu Photonics, Hamamatsu City, Japan) on a Zeiss widefield epifluorescent microscope (AxioObserver.Z1, Carl Zeiss, Oberkochen, Germany). A minimum of 40 10 s videos were captured for all conditions.
Image processing
An in-house tracking algorithm coded in MATLAB (The MathWorks, Natick, MA) was utilized to extract the center-of-mass position, cell orientation, and amplitude and wavelength of the flat-wave shape from the time-lapse images, as previously described by Harman et al. (13, 25) . Velocity for spirochetes that remained in the field of view for at least 30 frames was determined using the difference between the center-of-mass positions between subsequent frames. The average translocation velocity over the course of a time series was computed using the power spectrum of the Fourier transform of the velocity, extracting the dominant four modes. These modes were used to reconstruct a smoothed velocity from which the translocation velocity was defined as the maximal amplitude of this smoothed velocity. This maximal amplitude corresponds well to the speed of the cell during constant swimming (i.e., ignoring stops and reversals of direction), which was verified by a number of direct measurements of the speed during continuous swimming. Our analysis of shape and swimming speed excluded cells that were ''abnormal.'' We used three visual criteria to classify spirochetes as being of ''abnormal'' morphology. These criteria were 1) presence of blebs; 2) absence of a flat-wave appearance, defined by an irregular wavelength/amplitude along the length of the bacterium; and 3) erratic undulation of the body during swimming, characterized by a non-planar waveform that showed rotation and inconsistent undulation between the two ends of the cell. Spirochetes that satisfied any of these conditions were excluded. The respective measurements were averaged across three separate experiments and the mean 5 SE was calculated.
Three-point bending assay
Beads. Micromer beads (protein-A-coated 2 mm polystyrene beads) were purchased from Micromod (Rostock, Germany). Each bead has~58,000 molecules of protein A. Stock beads were at a concentration of 25 mg/mL. Ten microliters of beads were washed with 1 mL of ddH 2 0 and pelleted for 5 min at 5000 rpm in a microcentrifuge. Beads were then incubated in 100 mL of antibody solution for 1 h or overnight at 4 C with rotation. Monoclonal Osp A antibody C3.78 from hybridoma cell supernatants was used to coat beads (26) . After incubation, beads were pelleted and then washed once in phosphate-buffered saline. Beads were vortexed and resuspended in 50 mL phosphate-buffered saline.
Spirochetes were placed into a silicone chamber on a coverslip and incubated with anti-OspA-coated beads. Using holographic optical tweezers (27) , beads were attached to a free portion of a flaB mutant such that one of the beads was in the middle of the free portion, equidistant from the other two (Fig. 3, A and B ). The middle bead was then translated perpendicular to the symmetry axis of the bacterium in steps of 65-200 nm. The locations of the beads were determined from video images using particle tracking. The forces on the beads were then computed using the differences between the bead locations and the trap positions multiplied by the trap stiffness, where the trap stiffness was determined from fitting the histogram of displacements of a thermally fluctuating bead in the trap to a Gaussian function. The forces exerted on the beads due to bending were recorded at each step, and the force-displacement curves were used to measure the resistance to bending, as described in Results (Eq. 1). A bent configuration of a bacterium is shown in Fig. 3 B.
Statistical analysis
To determine whether differences in the amplitudes, wavelengths, speeds, or bending moduli were statistically significant, we first determined whether the data in each data set were normally distributed using the Anderson-Darling test. In all cases, we found that our data were not normally distributed. Therefore, we used a non-parametric Kruskal-Wallis test to determine whether variations in the means of the data were statistically significant. A multiple comparison test was then used to determine the p-values between statistically distinct data sets. These statistical tests were carried out in MATLAB using the routines adtest, kruskalwallis, and multcompare.
Mathematical model for the swimming of B. burgdorferi
Previous modeling developed a small-amplitude model for the swimming of B. burgdorferi (12, 13) . For the simulations reported here, we have further developed this model to account for large deformations. We used a semiimplicit, finite volume scheme to discretize the equations of motion and solved the equations in MATLAB using a grid of 120 nodes and a time step of 2 Â 10 À8 s. Details of the mathematical model and our numerical scheme are given in Section S1 of the Supporting Material.
RESULTS AND DISCUSSION
The spirochetes that cause Lyme disease and syphilis, B. burgdorferi and Treponema pallidum, respectively, are two of the most invasive mammalian pathogens (28) . Interestingly, these bacteria have similar morphologies and motility mechanisms, which suggests that the shape of these bacteria may be extremely important to their ability to invade host tissue. A mathematical model has been developed that can explain the shape and movements of both of these pathogens (11, 13, 29) . Although the model agrees well with the changes in velocity that accompany alterations in the external environment (13) , it remains to be shown whether it accurately represents how speed and morphology are affected when the biophysical parameters of the organism are altered. This question is important, since many antibiotics directly affect the cell wall in bacteria and motility is essential for the pathogenesis of Lyme disease (6-8) (and, by inference, is likely essential for syphilis pathogenesis, as well (13)). Therefore, in this study, we sought to systematically examine the effects of vancomycin treatment on cell shape, morphology, and cell wall stiffness (i.e., elastic properties) in B. burgdorferi.
Effects of vancomycin on Borrelia burgdorferi growth and shape
Microdilution analysis previously measured the in vitro minimal inhibitory concentration (MIC) of vancomycin against B. burgdorferi to range from 0.5 to 2.0 mg/mL (22, 23) . We chose to examine the effects of this range of vancomycin concentrations on exponentially growing bacteria at 24 h with live time-lapse microscopy ( Fig. 2 A-E) . At the higher concentrations of vancomycin (R1.0 mg/mL), we observed a number of aberrant cells, as identified visually by blebbing, granule formation, and altered morphology. The fraction of these aberrant bacteria in the population increased in a dose-dependent manner (Fig. 2 F) . For all subsequent analyses, these aberrantly shaped bacteria were excluded.
Using quantitative image analysis similar to that used in (13, 25) , we examined the impact of weakening the B. burgdorferi cell wall on cell morphology (i.e., wavelength and amplitude) and swimming speed. The average wavelength was observed to decrease as the vancomycin concentration was increased from 0 to 1.5 mg/mL (Fig. 2 G) . In this same range of concentrations, we observed an initial increase in amplitude at 0.5 mg/mL and then a subsequent decrease, as vancomycin concentration was increased to 1.5 mg/mL (Fig. 2 H) . At a vancomycin concentration of 2.0 mg/mL, we observed an increase in the average amplitude and wavelength; however, cells at this concentration showed large variations in shape, as is exemplified by the large standard deviations in these parameters at this concentration (Fig. 2, G and H (Fig. 2 I) . We also found that the percentage of motile cells dropped with increasing vancomycin concentrations, with >90% motile at concentrations of vancomycin %0.5 mg/mL, 61.3% motile at 1.0 mg/mL, 37.5% motile at 1.5 mg/mL, and 12.5% motile at 2.0 mg/mL.
These results are consistent with the MIC for vancomycin treatment of B. burgdorferi being~1.0 mg/mL. In addition, they show that these concentrations of antibiotic also alter the shape and speed of these spirochetes; however, to determine whether these effects are due to weakening of the cell wall requires that the direct effect of vancomycin on the stiffness of the cell wall be measured. 
Vancomycin weakens the peptidoglygcan cell wall
The stiffness of wild-type cells and individual flagella of B. burgdorferi has previously been measured, with individual flagella having a bending modulus of 6.7 5 3.7 pN mm 2 and intact cells having a modulus of 42 5 24 pN mm 2 (11) . Because the stiffness of wild-type cells is due to the flagella and the cell cylinder (cell wall, inner membrane, and cytoplasm), the cellular bending modulus is some convolution of the bending modulus of the cell cylinder and the flagella. It is therefore not clear how to use this bending modulus to precisely estimate the bending modulus of just the cell cylinder. Therefore, to measure the impact of vancomycin on the stiffness of the cell wall of B. burgdorferi, we used a holographic optical trapping system to perform a three-point bending analysis (27) on mutants lacking flaB, the gene that encodes the primary protein that forms the flagella (Fig. 3 A) (10) . To quantify the forces from the optical traps, we adhered 2-mm-diameter polystyrene microspheres coated with mAb to Osp A, the dominant outer surface protein on cultured spirochetes, to three locations along the length of individual bacteria (Fig. 3) (30,31) . Holding the two end spheres in place, we then displaced the middle one in a direction roughly perpendicular to the long axis of the cell body (Fig. 3, B-D) and measured the force applied at the center bead, F, as a function of the displacement of the center microsphere, d. A characteristic force-displacement curve is shown in Fig. 3 E. For small displacements, the curve is nonlinear due to irregularity in the initial locations of the beads, but at larger displacements, the curve becomes linear, as expected from elasticity theory. Treating the bacterium as a solid, cylindrical elastic rod of length L, the bending modulus of the cell cylinder, A c , can then be estimated from the linear part of the force-displacement curve as (32) 
To determine the effect of vancomycin on the stiffness of the cell wall, we wanted to select a concentration at which there would be a measurable effect on cell wall stiffness with minimal effect on other cellular processes. We therefore selected a concentration of 0.5 mg/mL, as the growth rate was not affected at this concentration ( Fig. S1 ) nor did we observe aberrant cell morphologies (Fig. 2 F) . We then used the three-point bending assay described above to measure the bending modulus as a function of incubation time in vancomycin at 0, 12, 24, and 36 h. At all time points, the force traces looked similar, but there was a decrease in bending modulus at later incubation times. Our control group (the 0 h time point) had a bending modulus of 59 5 7 pN mm 2 ( Fig. 3 F) , which is the same as what had been previously measured for wild-type B. burgdorferi (11). After 12 h in 0.5 mg/mL, the bending modulus was found to be 46 5 7 pN mm 2 , and at 24 and 36 h, the bending modulus decreased further to 29 5 3 pN mm 2 and 20 5 4 pN mm 2 , respectively (Fig. 3 F) , which amounts to nearly a 60% reduction in bending modulus after 36 h in vancomycin.
These results are interesting for a few reasons. First, the mathematical model for the shape of B. burgdorferi that was previously developed suggests that the principal parameter controlling cell shape is the ratio of the flagellar bending modulus to that of the cell cylinder, A (11). The model also predicts that A~1. Using the bending modulus for the cell cylinder at the zero time point along with the previously measured value of the flagellar bending modulus and the fact that there are 7-11 flagella per cell end (9, 33) , our data give a value of A between 0.94 and 1.4. The second interesting aspect of these data is that they suggest that sublethal doses of vancomycin could alter cell morphology and possibly inhibit cell motility. Finally, because we can systematically alter the stiffness of the cell wall, we can then measure the impact of cell wall stiffness on the shape and motility of B. burgdorferi for comparison with the predictions from the mathematical model.
Weakened cell wall slows Borrelia swim speed
With a well-defined cell wall stiffness as a function of vancomycin incubation time, we could properly assess the swimming dynamics of B. burgdorferi as a function of the flagellar/cell wall stiffness ratio. We compared the swimming behavior of single cells treated with vancomycin to that of control cells at the 0 h time point, and to untreated samples at each time point, accounting for any growthphase-related variations (Fig. 4 A; Movie S1 ). Morphological changes similar to those seen with varying vancomycin concentration were detected with incubation time, with slight shifts in the mean wavelength and amplitude that were inversely proportional to the cell stiffness (Fig. 4, B and C). The swimming velocity was more severely impacted, decreasing significantly from 4.94 5 0.05 to 4.19 5 0.09 mm/s (Fig. 4 H) . To highlight the change in velocity that is produced by the vancomycin, we plotted the percent decrease in velocity relative to untreated cells at the same time points, which showed a drop in speed of 7% at the 24 h mark and of 15% after 36 h (Fig. 4 I) . We previously developed a biomechanical model of the swimming dynamics of B. burgdorferi (12, 13) . To test whether this model could accurately reproduce how changing the cell wall stiffness affects the morphology and motility of B. burgdorferi, we simulated the swimming dynamics over a range of cell wall bending moduli from 20 to 60 pN mm 2 . Assuming that there were 10 flagella per end, we used a net bending modulus of 70 pN mm 2 for the flagella and a net torque of 20 pN•mm from the flagellar motors and a rotational drag coefficient of 0.01 pN, both of which are estimated from previous experiments (13) . We used the bending moduli computed from our three-point bending experiments to set the bending modulus for the cell wall as a function of time in the vancomycin and compared our simulations to our experimental data. The simulations predicted that the wavelength and amplitude of the bacterium would not change by >5% over the range of bending moduli that we explored, which was consistent with our data (see Fig. 4 G) . Surprisingly, though, the model predicted that the speed of the cell would increase with decreases in the bending modulus, in direct contrast with our experiments. Although this result may be an indication that vancomycin is affecting more than just the stiffness of the cell wall, another possible explanation for this effect is that as the cell wall becomes weaker, the space between the cell wall and the outer membrane (i.e., the periplasm) decreases in size (see Section S2 in the Supporting Material). If the periplasm is smaller, then there will be increased resistance to rotating the flagella. We tested this hypothesis by assuming that the rotational drag coefficient for the flagella scaled inversely with the cell wall stiffness, z b ¼ 0.3/A c . These simulations still predicted similar small changes in the wavelength and amplitude of the cell that compare well with our experimental observations (Fig. 4 G) . In addition, the model then predicted that decreasing the bending modulus from 60 to 50 pN mm 2 would produce a small increase in speed, but that further decreases in the bending modulus would reduce the swimming speed in a manner quantitatively similar to what we measured experimentally (Fig. 4 J; Movie S2) .
The resistance to rotating the flagella in the periplasm is most likely attributable to viscous drag from the periplasmic fluid (34) . Because the periplasm is a very narrow space, wall effects can dramatically increase the viscous resistance. Analysis of the low-Reynolds-number dynamics of a cylinder rotating in a narrow gap predicts that the resistive torque is inversely proportional to the square root of the distance from the flagella to the walls of the periplasm (i.e., the cell wall and outer membrane) (35) . Cryoelectron microscopy has been used to measure the distance between the inner and outer membranes in B. burgdorferi. In the region where the periplasmic flagella reside, the periplasm is 42.3 nm wide (36) ; the diameter of the flagella is 16 nm (33) . If the flagella are perfectly centered within the periplasm, then the distance from the edge of the flagellum to the inner or outer membranes is~13 nm. Our model predicts that the drag coefficient should increase by a factor of~2 when the bending modulus of the cell wall decreases from 60 to 25 pN•mm 2 . Since the drag coefficient scales as the square root of the distance, the model suggests that the distance between the flagella and the cell membranes should decrease by a factor of 4, or~4 nm. Therefore, the model predicts that the periplasmic space in the region of the flagella should decrease to~24 nm in cells that have been incubated in 0.5 mg/mL of vancomycin for 36 h. This number likely represents an overestimate, as it does not account for the peptidoglycan layer that is also in the periplasm.
The results presented here show that sublethal doses of vancomycin decrease the cell wall stiffness of B. burgdorferi in a time-dependent manner and that there is a corresponding decrease in cell speed. In addition, we have provided the first measurement of the cell wall stiffness of a flaB mutant of B. burgdorferi. These measurements are not confounded by the presence of the flagella, as was the case in earlier reports (11) . Interestingly, our new findings place a fairly tight bound on the ratio of the flagellar bending moduli to that of the cell wall. This ratio is observed to be in the range between 0.94 and 1.4, which is in excellent agreement with the previous predictions based on our mechanical model for B. burgdorferi (11) . Although the model agrees surprisingly well with our measurements of the shape of B. burgdorferi, we found that the baseline model does not predict the correct relationship between cell wall stiffness and swimming speed. Although there are many possible explanations for why the model may not make the correct prediction, such as vancomycin having additional effects other than just weakening the cell wall, we showed here that if weakening the cell wall decreases the periplasmic space, then the model can account for the decrease in cell speed with reduction in bending modulus. This prediction can be tested using cryo-EM to measure the periplasmic space in vancomycin-treated cells. If the periplasmic space does not decrease in size, then the model predicts that vancomycin will have an additional effect on the cell that is not being accounted for in the standard mechanism of action for this antibiotic. This result would then suggest novel activity However, if the periplasmic space decreases in size as the cell wall becomes softer, then the rotational drag should increase. The model then predicts a similar decrease in speed with decreasing cell bending modulus (solid line). In (E)-(J), all data represent measurements on >200 cells. In (E), (F), and (H), the Kruskal-Wallis test was used to compare the treated and untreated cells at the same time point (upper asterisks) and to compare data for treated cells at a specific time point with all data for untreated cells (lower asterisks) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001). To see this figure in color, go online.
for this drug, which may be an important finding. Our results also demonstrate that B. burgdorferi may have adopted an optimal shape for motility within tissues, and that even low concentrations of antibiotic treatment can significantly inhibit the ability of this bacterium to disseminate through its environment. As motility is an essential aspect in the pathogenesis of Lyme disease (6) (7) (8) 37) , these results suggest that doses of antibiotics below the MIC could enhance the clearing of B. burgdorferi by the immune system in patients with Lyme disease.
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